The review will examine recent advances in our understanding of atopic dermatitis and how these mechanisms provide a framework for new approaches to the management of this common skin disease.
INTRODUCTION
Atopic dermatitis is the most common inflammatory skin disease in the general population [1] . Recent studies have documented that atopic dermatitis has a major emotional and financial impact on patients and their families thereby causing significant effects on quality of life [2 & ,3,4]. Behavioral difficulties, poor school performance, and depression are also common [5] . Strong evidence supports the concept that genetic variation of skin barrier genes, as well as innate and adaptive immune responses genes, increases the risk of atopic dermatitis [6 && ]. The prevalence of atopic dermatitis, however, varies according to geographic locations even in genetically homogenous populations. This suggests that environmental factors also play a critical role in clinical expression of this genetically complex disease.
The current review will examine recent evidence that epidermal skin barrier dysfunction plays a key role in driving the atopic march. Mechanisms underlying skin barrier dysfunction include genetic mutations as well as lack of terminal keratinocyte differentiation because of activation of certain immune pathways. Environmental factors, including the microbiome, ultraviolet light exposure, pollution, and allergens can also modulate the skin epithelium [7] [8] [9] . Different combinations of these multiple factors may account for heterogeneity in age of atopic dermatitis onset, propensity to bacterial and viral infections, differences in severity of skin disease, and the natural course of illness. A multipronged approach to the prevention and treatment of atopic dermatitis is important for the control and progression of the atopic march. atopic march [10 && ]. Given that this multiorgan involvement is associated with circulating levels of IgE and activated immune cells, with a variety of tissue homing capabilities, atopic dermatitis, and other allergic diseases should be considered to be part of a systemic disease. Interestingly, several recent large cohort studies suggest that atopic dermatitis is associated with other systemic inflammatory diseases, such as inflammatory bowel disease, type 1 diabetes mellitus, cardiovascular disease, and increased heart attacks [11 & ,12]. Ewald et al. [13] carried out a meta-analysis combining previously reported atopic dermatitis datasets to define a robust disease profile, termed meta-analysis derived atopic dermatitis transcriptome. This transcriptome identified atherosclerosis signaling and lipid metabolism pathways as being significantly associated with atopic dermatitis. These genes have been associated with coronary heart disease and carotid artery atherosclerosis, consistent with previous findings of increased vascular inflammation in atopic dermatitis. Taken together, recent studies support the concept that atopic dermatitis is a systemic disease.
SKIN BARRIER DYSFUNCTION IN ATOPIC DERMATITIS
The epidermis provides an important physical and permeability barrier to prevent the penetration of allergens and microbes through the skin. This is achieved in healthy skin by terminal differentiation of keratinocytes into a cornified envelope of keratin filaments aggregated by filaggrin and other structural proteins that are crosslinked by transglutaminases. A variety of lipids, including ceramides, surround the aggregated keratin filaments [14] . An optimal matrix of epidermal lipids and structural proteins are required to create an impermeable skin barrier. Tight junctions between keratinocytes such as claudins are required to prevent water loss and modifies responses to allergens such as mold [15] .
Epithelial barrier dysfunction is a central abnormality that drives atopic dermatitis pathobiology. This includes filaggrin deficiency, the lack of certain epidermal lipids and fatty acids as well as tight junction abnormalities. Of the greater than 50 genes implicated in atopic dermatitis pathogenesis, null mutations in the filaggrin gene (FLG) or reduced FLG gene copy number are by far the most compelling in terms of consistent replication and biologic plausibility [16] . FLG loss of function mutations are strongly associated with early onset, more persistent severe skin disease, allergen sensitization, and propensity to eczema herpeticum [17, 18] . Filaggrin deficiency is associated with reduced skin hydration and enhanced allergen penetration through the skin. Filaggrin breakdown products have been reported to determine corneocyte conformation and natural moisturizing factor levels [19] .
The clinical relevance of filaggrin deficiency in the development of food allergy has been demonstrated by Brough et al. [20] who found that, in patients from the United Kingdom, the probability of peanut allergen sensitization correlated linearly with environmental peanut exposure in atopic dermatitis children with loss of function FLG mutations. Interestingly, the same group did not find an association of peanut allergy with FLG mutations in the United States. They did find, however, that severe atopic dermatitis (associated with immune mediated skin barrier dysfunction) was associated with environmental peanut exposure [21 && ]. Consistent with these findings, a recent study found that filaggrin gene mutations, without concomitant atopic dermatitis in adults, are not associated with food and aeroallergen sensitization [22] . This suggests that mechanisms other than filaggrin gene mutations can alter skin barrier function and enhance food allergy.
Interestingly, transcriptome profiling of nonlesional skin from atopic dermatitis patients with normal filaggrin genes found dysregulation of genes involved in lipid metabolism [13, 23] . These include genes encoding proteins essential to the de novo synthesis of ceramides that play a critical role in maintaining the epidermal permeability barrier, and proteins involved in the elongation of long-chain fatty acids that are essential for prevention of
KEY POINTS
Atopic dermatitis is the first step in the atopic march leading to food allergy, asthma, and allergic rhinitis.
Atopic dermatitis is associated with systemic inflammation and may be a risk factor for autoimmune and inflammatory diseases, including rheumatoid arthritis, inflammatory bowel disease, and vascular inflammation.
Successful treatment of atopic dermatitis requires a multipronged approach eliminating atopic dermatitis triggers, improving skin barrier function, and proactive anti-inflammatory therapy.
Predictive markers of atopic dermatitis include increased transepidermal water loss and expression of epidermal TSLP prior to onset of skin disease.
Identification of polarized immune pathways are leading the way to new biologic therapies for patients refractory to conventional approaches. transepidermal water loss. Lipid abnormalities may, therefore, contribute to defective barrier function in atopic dermatitis independent of FLG gene mutations.
IMMUNE PATHWAY ACTIVATION
As filaggrin mutations are found in only the minority of atopic dermatitis patients, immune responses are likely critical in driving the skin barrier dysfunction in the majority of atopic dermatitis [24 && ,25] . The early immune response in atopic dermatitis skin is predominantly type 2 mediated with multiple cell types, including keratinocytes, T helper 2 (Th2) cells, mast cells, and innate lymphoid cells producing thymic stromal lymphopoietin (TSLP), IL-4, IL-13, IL-25, and IL-33 [1] . Type 2 responses dominate throughout the course of skin disease even when there is appearance of other cytokines. The importance of type 2 responses in humans has been recently demonstrated by the remarkable improvement in skin disease when patients with severe atopic dermatitis are treated with a humanized antibody that blocks the action of IL-4 and IL-13 [26] [27] [28] . Dendritic cell derived IL-23 also plays an important role in driving differentiation of Th17 and Th22 cells which produce IL-22 that inhibit keratinocyte differentiation. In addition to T cells, mast cells have been found to be major IL-22 producers in patients with atopic dermatitis reinforcing the importance of neutralizing key effector cytokines because of the redundancy of cell types producing similar cytokines [29] . Indeed, recent case studies suggest that anti-IL23 can improve severe atopic dermatitis [30] .
It is well established that type 2 immune cytokines, such as IL-4 and IL-13, can profoundly inhibit terminal differentiation of keratinocytes, and therefore the expression of genes required for skin barrier function (e.g., filaggrin, loricrin, and involucrin). Type 2 cytokines have also been found to suppress production of epidermal lipids and reduce the function of tight junctions in experimental systems. Transcriptomic analyses have demonstrated a strong negative correlation between expression of type 2 cytokines and epidermal lipids [13] . In contrast, type 1 cytokines, such as IFNg, have been shown to induce ceramide synthesis and protect against microbial toxins [31] . These studies support the key role that immune pathways play in modulating skin barrier function.
Atopic dermatitis patients have recently been found to have high systemic immune activation with increased polar differentiation of effector and memory T cells, particularly in those T cells homing to the skin [32, 33] . Importantly, there is heterogeneity in atopic dermatitis immune responses stratified by age, race and severity of disease [34] . The Asian form of atopic dermatitis has increased Th17 polarization [35] . Young children with pediatric atopic dermatitis show only a Th2/ Th1 cell imbalance in their skin homing T cells, whereas adults express higher numbers of Th22 cells in their skin homing T cells [36] . Severe atopic dermatitis is characterized by selective expansion of circulating Th2 and Th22 cells, but not Th17 cells, within the skin-homing T-cell population [37] . These considerations will be critical as we develop precision medicine approaches involving the use of biologics that block particular polarized immune pathways.
MICROBIOME
Patients with atopic dermatitis are prone to bacterial and viral skin infections [38] . The importance of Staphylococcus aureus infections in driving disease severity is supported by the observation that exacerbations of atopic dermatitis are associated with increased abundance of S. aureus and reduced diversity of the bacterial flora [39] . Furthermore, antibiotic therapies that reduce S. aureus colonization in experimental models lead to improvement in atopic dermatitis skin inflammation [40] . The risk of frequent antibiotic use, however, is that it may contribute to methicillin resistant S. aureus colonization and infection [41] .
A subset of patients are prone to disseminated viral skin infections, for example, eczema herpeticum or eczema vaccinatum. In experimental animal models, type 2 immune responses mediated by TSLP and IL-33 promote skin inflammation and vaccinia virus replication [42] . This is consistent with previous studies demonstrating that patients with eczema herpeticum have very high serum IgE levels and eosinophilia. Gene transcriptome studies of peripheral blood cells from atopic dermatitis patients prone to eczema herpeticum have also revealed a defect in their interferon signaling pathways [43, 44] . Further studies are needed to look directly at their skin host response to viral infections.
PREVENTION OF ATOPIC DERMATITIS AND FOOD ALLERGY
In the absence of a cure for atopic dermatitis, there has been increasing interest in developing approaches to prevent the occurrence of atopic dermatitis. This will likely require optimization of diet, skin care, and control of the skin microbiome [45, 46] . Given the overwhelming literature demonstrating that an impaired skin barrier leads to atopic dermatitis and food allergy, there have been studies to determine whether the use of skin emollients from birth will prevent atopic dermatitis. The concept underlying this approach is illustrated in Fig. 1 (left  panel) , that is, skin barrier dysfunction leads to enhanced penetration of the skin by environmental allergens and microbes thereby increasing skin inflammation. The use of effective skin emollients would prevent absorption of atopic dermatitis triggers through the skin and prevent skin inflammation ( Fig. 1, right panel) . Indeed, studies have found that use of skin emollients from birth can prevent atopic dermatitis in 50% of infants born to high-risk parents [47, 48] .
Complete prevention of atopic dermatitis will likely need more targeted combined approaches to patients at high risk for atopic dermatitis. This will require the development of physiologic measures and biomarkers that predict occurrence 
Multivariable analysis for factors influencing atopic dermatitis development by age 24 months. When TSLP expression was dichotomized into low or high levels according to its median value and added to family history, the predictive value for atopic dermatitis development was further increased in study participants with family history and high TSLP expression than in those with family history alone. From [51 && ]. CI, confidence interval; aOR, adjusted odds ratio; TSLP, thymic stromal lymphopoietin.
New insights into atopic dermatitis Leung of atopic dermatitis. Interestingly, several groups have now found that measurement of transepidermal water loss as early as 2 days and 2 months of life can predict the subsequent development of atopic dermatitis regardless of FLG mutations [49 & ,50 & ]. More recently, a birth cohort study, measuring protein content in skin tape strips from early infancy found that the epidermal TSLP could be found in the skin prior to the development of atopic dermatitis [51 && ] and (Fig. 2) . These studies provide hope that in infants at high risk for atopic dermatitis, early measures, including proactive anti-inflammatory therapy could be introduced prior to onset of atopic dermatitis to effectively prevent loss of skin barrier and allergen sensitization.
Aside from genetic and immunologic factors that may alter skin barrier function, microbes can also play an important role. S. aureus produces a number of virulence factors such as lipases and proteases which directly breakdown the skin barrier. In experimental animals, superantigens from S. aureus have also been shown to augment Th2 responses and subvert the activity of T regulatory cells known to promote peanut allergy. A review of 718 children with atopic dermatitis, seen at National Jewish Health in Denver, revealed a strong association between S. aureus colonization and peanut allergy [52 && ]. This raises the possibility that eliminating early colonization with S. aureus could abort skin barrier dysfunction leading to peanut allergy.
MANAGEMENT OF ATOPIC DERMATITIS
A multidisciplinary approach is needed for optimal management of atopic dermatitis and its comorbidities. These include strategies which improve the skin barrier, including bleach baths, proactive therapy with topical corticosteroids, or calcineurin inhibitors to control skin inflammation and strategies to address sleep disturbance and behavioral problems that often accompany atopic dermatitis [53] [54] [55] [56] [57] . Testing may also be required to rule out environmental triggers, food allergy, or sensitivities to skin products the patient is using [58] . Insomnia and daytime fatigue is common in patients with atopic dermatitis. Difficulty falling asleep may be due in part to delayed production of melatonin in the pineal gland. A recent study suggests melatonin supplementation can be beneficial [59 & ]. In patients who fail first-line therapy, phototherapy, or systemic immunosuppressive drugs are potential alternatives but they are often expensive and accompanied by significant adverse events.
Additional research is essential to develop effective therapies targeting polarized immune pathways that are not controlled by current anti-inflammatory medications [60] . Clinical trials with these selective agents such as IL-4/IL-13, IL-17, IL-22, IL-23, IL-31, IL-33 antagonists, and Janus kinase inhibitors, will teach us their relative importance in atopic dermatitis pathobiology, while providing a new dimension of therapy that may be beneficial to atopic dermatitis refractory to current therapies. In concert, it will be important to develop validated biomarkers that identify immune pathways leading to clinical disease.
CONCLUSION
Atopic dermatitis has a significant negative impact on quality of life, including mental health, sleep, and productivity at school and work. Atopic dermatitis represents a common clinical phenotype driven by complex pathways leading to individual differences in response to therapy. Its natural history results from the interplay between environmental exposures, underlying genetic variation, abnormal skin epithelial barrier, and their innate/adaptive immune response. This heterogeneity includes onset of atopic dermatitis, severity, and duration of disease.
Optimal management requires strategies which improve the skin barrier, proactive therapy to control skin inflammation and patient education. Additional research is needed to develop effective therapies directed at polarized immune pathways that are not controlled by current anti-inflammatory medications. To target specific mechanisms, it will be important to develop validated biomarkers that will identify clinically relevant immune pathways leading to atopic dermatitis. The review confirms a strong and dose-dependent association between atopic dermatitis, food sensitization, and food allergy. Severe chronic atopic dermatitis is particularly associated with food allergy. There is also evidence that atopic dermatitis precedes the development of food sensitization and allergy, in keeping with a causal relationship. This has important implications for prevention and treatment. 11.
